We present new AdS 4 black hole solutions in N = 2 gauged supergravity coupled to vector and hypermultiplets. We focus on a particular consistent truncation of M-theory on the homogeneous Sasaki-Einstein seven-manifold M 111 , characterized by the presence of one Betti vector multiplet. We numerically construct static and spherically symmetric black holes with electric and magnetic charges, corresponding to M2 and M5 branes wrapping non-contractible cycles of the internal manifold. These configurations have nonzero temperature and are moreover surrounded by a massive vector field halo. For these solutions we verify the first law of black hole mechanics and we analyze the thermodynamics and phase transitions in the canonical ensemble, interpreting the process in the corresponding dual field theory.
Introduction
The analysis of Anti-de Sitter (AdS) black hole solutions in theories of four-dimensional gauged supergravity is important for at least two reasons. On one hand, the AdS/CFT correspondence sheds light on the microstate structure of the supersymmetric configurations. In this regard, some recent developments [1, 2] successfully matched the BPS black hole [3] entropy with the ground state degeneracy of the corresponding twisted ABJM [4] theory, via supersymmetric localization. On the other hand, AdS black holes from string theory provide interesting gravitational backgrounds for top-down holographic approaches: one can map the rich thermodynamics and phase transitions of these systems to processes in the dual field theory, providing a description of strongly coupled field theoretical phenomena, such as superconductivity [5, 6, 7] .
The characterization and construction of solutions of gauged supergravity models coming from M-string theory is an important step in this direction. So far, much of the effort has been directed towards the analysis and characterization of black hole solutions of N = 2 Abelian Fayet-Iliopoulos gauged supergravity [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . The first example of static supersymmetric AdS 4 black holes was analytically constructed in [3] , while previous studies [20] yielded naked singularities. In this model, the scalars are uncharged under the gauge group and solution-generating techniques of ungauged supergravity can be used to construct new configurations (see for instance [21, 22, 23, 24] ).
The construction of analytic black hole solutions in other models of gauged supergravity, in particular those including hypermultiplets, initiated in [12, 25, 26] , revealed to be much harder since the matter content includes charged scalars and massive vectors. Charged scalars and massive vectors are a generic feature of AdS 4 × M 6 compactifications dual to ABJM theory. In these models a linear combination of the U(1) gauge fields obtained from the reduction of the RR fields becomes massive due to the Higgs mechanism. This was shown in the original example for the compactification on CP 3 [4] , and the Higgsing also occurs in other models (see for instance [27, 28] ) arising from compactifcations of M-theory on 7d Sasaki-Einstein manifold.
The fact that a U (1) is Higgsed has nontrivial consequences for black hole physics, and in particular for the analysis of black hole bound states in AdS 4 [29] . A prerequisite for the existence of multi-centered black holes is that the electromagnetic interaction balances the gravitational one. A massive vector field decays exponentially, rather than polynomially, and this generally modifies the conditions for a bound state to exist. Moreover, bound configurations with magnetic charges would come with strings attached [29] due to the Meissner effect. All these ingredients can in principle play an important role in the existence and stability of these bound states.
The aim of this paper is take the first steps to address these problems, by constructing AdS 4 thermal black holes with an embedding in M-theory, surrounded by massive vectors and charged scalars. These solutions will provide suitable thermal backgrounds for the subsequent study of the probe stability.
We focus our attention on reductions of eleven dimensional supergravity whose vacua preserve N = 2 supersymmetry. Such consistent truncations of M-theory on homogeneous seven-dimensional Sasaki-Einstein manifolds with SU (3) structure were found in [28] . We work with a specific reduction of 11d supergravity on the SE 7 manifold M 111 , with field theory dual in the class of [30, 31] . This truncation has a massive vector in its spectrum, which corresponds to a broken global symmetry in the dual field theory. Furthermore, it is characterized by the presence one Betti vector multiplet, dual to a global baryonic symmetry. On the gravity side, this multiplet contains light degrees of freedom, in particular massless vectors and scalars with mass m 2 l 2 = −2.
Zero-temperature, 1/4 BPS black hole solutions for various models, including Q 111 and M 111 , were found in [32] , in the form of flows from AdS 4 to AdS 2 ×S 2 near-horizon geometries, by solving the BPS equations. Solutions of the same models, with planar horizons were previously obtained in [33, 34, 35] . The presence of charged scalars considerably complicates the equations, hence the flows were obtained mostly numerically.
The black holes we present here correspond to nonzero temperature generalizations of the black holes of [32] and are found by solving the Einstein, Maxwell and scalar equations of motion. This reduces to a boundary value problem for a system of 14 coupled ODEs, which we solve numerically using a shooting method.
We were able to construct dyonic AdS 4 black hole solutions with nontrivial matter profiles outside the horizon 1 . In particular, a massive vector field "halo" surrounds the black hole solutions, as depicted in Figure 1 . The solutions asymptotically approach the AdS vacuum in which the vector remains massive, in contrast to the case of holographic superconductors [5, 6, 7] , where a U (1) symmetry is broken in the proximity of the horizon and is restored in the UV. We find that the presence of Betti vector multiplets is required in order to find (non-extremal) black hole solutions with nontrivial behavior of the massive vector. In the M-theory picture, these additional electric and magnetic charges correspond to wrapped M2 and M5-branes on cycles of the internal manifold.
To verify the accuracy of our numerics, we have checked that the first law of thermodynamics is satisfied on our solutions. We have performed holographic renormalization to compute the renormalized on shell action and subsequently studied the behavior of the free energy and its non-analytic points, searching for phase transitions.
The analysis of the stability of charged probe black holes in the background of these new configurations, along the lines of [39, 40, 41, 29] , in view of the possible description of the holographic vitrification process is work in progress, and will be presented in a forthcoming paper. More directions in this regard will be presented in the outlook section.
Setup

Model M
111
The setup for our computations is the Abelian four-dimensional N = 2 gauged supergravity theory obtained upon reduction of eleven-dimensional supergravity on the 7d SasakiEinstein manifold M 111 . This is the coset manifold G/H where G = SU (3) × SU (2) and H = SU (2) × U (1). Its second Betti number is b 2 (M 111 ) = 1, hence there is one nontrivial two-cycle around which M 2 branes can wrap. The effective field theory therefore contains one Betti vector multiplet in its spectrum. The same truncation can alternatively be obtained from the reduction on the seven-dimensional manifold Q 111 (with G = SU (2) 3 and H = U (1) 2 , and b 2 (Q 111 ) = 2 hence two Betti multiplets), provided we consistently truncate one of the two Betti multiplets by suitably identifying two vectors and two scalar fields. The superconformal field theory dual to the Q 111 model is the superconformal Chern-Simons flavored quiver of [30, 31] (see [42] for related work as well).
This theory admits an N = 2 supersymmetric AdS vacuum 2 . The field content of the theory is the gravity multiplet, two vector multiplets (n v = 2) and the universal hypermultiplet. We essentially follow the conventions of [27, 28] 3 . The Lagrangian has the form
where t i = τ i + ib i , (i = 1, 2) parameterize the two complex scalars in the vector multiplets and q u , (u = 1, . . . 4) those in the hypermultiplet. The vectors F Λ , (Λ = 0, 1, 2) come from the two vector multiplets and the gravity multiplet. We work in the symplectic frame where all gaugings are electric 4 , and the model is characterized by the corresponding holomorphic prepotential
The scalars in the vector multiplets parameterize the special Kähler manifold
2 with metric
where
We choose sections such that X Λ = {X 0 , X 1 , X 2 } = {1, t 2 1 , t 2 2 }. The period matrix N ΛΣ encodes the (scalar dependent) kinetic terms for the vector fields, and it is obtained via the special geometry relation
Its explicit form is reported in Appendix A.
2 See for instance [43] for further models of gauged N = 2 supergravity coupled to hypermultiplets with fully supersymmetric vacua. 3 In the original paper [27] the vector kinetic terms have a factor 1/2 instead of 1/4 in front. However, their definition of NIJ includes a factor 1/2 with respect to ours, hence the total factor 1/4 in our Lagrangian. These conventions differ with respect to those of [44] and [32] by the following: A here = √ 2A there and k
, as already noticed (see footnote (10) of [28] ).
4 This is the four-dimensional theory obtained upon reduction, after dualization of the massive tensor multiplet in a massive vector multiplet (full details in [27] ).
The universal hypermultiplet contains the 4 hyperscalars q u = (φ, a, ξ,ξ), which parameterize the quaternionic Kähler manifold (1)) with metric h uv of the form
This quaternionic Kähler manifold has constant negative curvature R q = −24 = −8n h (2 + n h ) [45] , where n h is the number of hypermultiplets in the theory (in our case n h = 1). The covariant derivatives for the vector multiplets and the hyperscalars are given by
where k i Λ and k u Λ are the Killing vectors corresponding to the gauging of the special Kähler and the quaternionic manifold respectively. The quaternionic Killing vectors k u Λ can be derived from the Killing prepotentials P x Λ which satisfy the relation Ω x vw k w Λ = −∇ v P x Λ [46, 44, 47] , where
xyz ω y ∧ ω z is the curvature on the quaternionic manifold. In the model we consider, only a U(1) isometry of the hypermultiplet manifold is gauged. Thus, the covariant derivatives for the vector multiplet scalars boil down to simple derivatives, as k i Λ = 0. The hyperscalars are charged, however. The prepotentials and Killing vectors of the gauging are [27, 28] :
and
Finally, the scalar potential of the theory, which couples scalars in the vector multiplets and hyperscalars, is given by
where L Λ are defined in (4) and
Given this specific form of the gauging in the M 111 truncation, one of the vectors becomes massive via the Higgs mechanism. The spectrum then contains (see Table 7 of [28] )
• the gravity multiplet, containing the metric g µν and a massless vector,
• a Betti vector multiplet, containing the massless vector and a complex scalar (two real fields) of mass m 2 l 2 = −2 (in our conventions, the Breitenlohner-Freedman bound is m 2 l 2 ≥ −9/4), each with ∆ = (2, 1),
• a massive vector multiplet, containing a massive vector of mass m 2 l 2 = 12 (which corresponds holographically to a vector operator with weight ∆ = 5), which has eaten its axion a and five scalars of mass m 2 l 2 = (18, 10, 10, 10, 4) corresponding to ∆ = (6, 5, 5, 5, 4).
Before proceeding further, let us remind the reader about the asymptotic fall-off of vectors and scalars in AdS 4 space-time. The scaling dimension of an operator dual to a massive p-form in AdS 4 space-time is given by the formula [48] 
A vector field (p = 1) dual to an operator of scaling dimension ∆ behaves as (r is the AdS radial coordinate, and the boundary is reached at r → ∞)
A scalar field (p = 0) instead behaves as
We will come back to these asymptotic fall-offs later on when dealing with the explicit AdS 4 solutions.
Consistent truncation
In finding black hole solutions we will make a simplifying assumption: we retain only one hyperscalar. Indeed one can see that the complex hyperscalar ξ can be consistently truncated away, and the field a is the Stueckelberg field which can be consistently set to the value zero by a choice of gauge. Our truncated theory will then be characterized by the following matter content: two massless vector fields, a massive one, and five scalars of masses m 2 l 2 = (18, 10, 4, −2, 2) which correspond to dual operators of dimensions ∆ = (6, 5, 4, (2, 1), (2, 1)) where (2, 1) indicates the two normalizable modes for a scalar with mass m 2 l 2 = −2. Given this truncation, the only nonvanishing components of the quaternionic Killing prepotentials are P
hence the Killing vectors appearing in the gaugings (10) are
In order to simplify our computation, we can assume a specific value for the Freund-Rubin parameter appearing in [32] , e 0 = 6, which leads to the fixed value of AdS radius l = Putting all gauging data together, and redefining the hypermultiplet field φ = log σ, the action (1) can be rewritten in the form
where the scalar potential is, using (11),
It has an AdS minimum V min = −12 for the following values of the scalar fields
The action for the hypermultiplet sector is
where we can see that the scalar field a acts as a Stueckelberg field responsible for the Higgsing of the linear combination 6A 0 + 4A 1 + 2A 2 . Finally, the vector multiplet Lagrangian reads
with N given in (77) . The supergravity vector fields A Λ can be expressed as well as linear combination of the massless eigenstates A 1 , A 2 and the massive one B, in this way
We checked that this action reduces to that of [27] if we identify t 1 = t 2 and A 1 = A 2 . These identifications correspond to switching off the Betti vector multiplet, which contains in particular the massless vector A 2 . The universal SE 7 reduction of [27] coincides with the truncation on S 7 = SU (4)/SU (3) that retains the SU (4) left-invariant modes.
3 Finding black hole solutions
Static black hole ansatz
We focus on the search for static and spherically symmetric solutions of the form 5
5 We look for configuration of spherical horizon topology but we expect that solution with flat or hyperbolic event horizons exist as well, as BPS solutions of this kind were found in [32, 35] .
which allows for asymptotically locally AdS space-times. The five scalar fields have only radial dependence:
For the vectors, we choose an ansatz that can describe the fields around a static black hole with both electric and magnetic charge,
More precisely, the charges are the integral of the flux of the field strength F µν and its dual G µν through the sphere at spatial infinity:
with the dual defined as
The equations of motion derived from (1) with the above ansatz are given in Appendix B. In total, there are 14 degrees of freedom: the equations of motion for the metric components β and h are first order, yielding one dynamic component each. The scalars τ 1 , τ 2 , b 1 , b 2 and σ on the other hand, have second order equations of motion. Just like the massive vector mode ζ. Due to charge conservation and gauge invariance, there are no dynamical components that correspond to the massless vectors ξ 1 and ξ 2 .
In the duality frame we consider, the hypermultiplets and the gravitini are electrically charged. Therefore, the following Dirac quantization conditions need to hold:
where P 3 Λ (q) = {1, −2, −1} and k u Λ (q) = −{6, 4, 2} are respectively the Quaternionic Killing prepotentials and Killing vectors computed on the vacuum solution (19) . The first Dirac quantization condition in (28) is automatically satisfied on shell for the particular assumptions on the ansatz we made, while the second condition in (28), taking into account (22) , reads
Furthermore, the Maxwell equation (80) imposes to the condition
along the entire flow. In our case this means that the massive vector in (25) field has zero magnetic component:
Releasing the condition of spherical symmetry would allow for a nontrivial magnetic component. In particular, this would result in vortex lines of the Nielsen-Olsen [49] type 6 . Similarly to [50, 51] , the equation of motion and the background fields have the following scaling symmetry,
which can be used to choose without loss of generality the asymptotic value of the metric function β at infinity. Indeed in what follows we will choose
The black hole solutions are most conveniently represented by the coordinate u, which is related to the radial Schwarzschild coordinate as
where r H is the location of the event horizon. The horizon is retrieved by the u = 0 limit, while asymptotically u → ∞ the solution approaches AdS 4 space-time, with radius l AdS = 2, which is kept fixed in our computations 7 . In these new coordinate u, the metric reads:
where we defined
As an elementary consistency check, the dyonic Reissner-Nordström solution is obtained by setting all the scalar fields at their vacuum value (19) throughout the entire flow. The solution is then characterized by the following warp factors:
with the additional conditions
coming from the scalar equations of motion. The Reissner-Nordström solution in (37) is parameterized by the electromagnetic charges Q 1 and P 1 and the radius of the event horizon r H which can be equivalently traded for the mass M of the black hole. 6 The strings stretched between probes mentioned in the introduction would manifest themselves as vortextype solutions in this kind of truncation. This would be interesting to study, but it goes beyond the scope of the present work. We hope to come back to this point in the future. 7 It is nevertheless straightforward to reinstate the gauge coupling constant in the action (1), allowing for a different value of the cosmological constant and AdS radius. The authors of [50, 51] moreover find another scaling symmetry which allows to pick rH =1 without loss of generality. This is due to the fact that they deal with planar horizons -in case of spherical horizons such additional scaling symmetry (3.23) of [51] is absent, as one can see comparing our equation (93) with and (2.17) of [51] .
Strategy for numeric simulations
We will use numerical tools to solve the equations of motion subject to the relevant boundary conditions. This allows us to find smooth configurations which in the UV approach AdS spacetime and in the IR form the black hole horizon. In order to preserve the AdS 4 asymptotics we need to set the diverging modes of the heavy scalars and of the massive vector field to zero (see eq. (13)- (14)). The requirement of regularity on the black hole horizon will relate the derivative of the scalar fields to their values at the horizon.
To find solutions interpolating between AdS 4 and the black hole horizon, we will use a shooting method. In a first step, we provide boundary conditions in the IR, i.e. on the black hole horizon at u = 0, and integrate the equations of motion towards the boundary of AdS. Secondly and independently, we choose boundary conditions in the UV (at a value u 1, so r l) and integrate the equations into the IR. At some intermediate point in the bulk (for example u = 1), we obtain two values for each of the fields, depending nonlinearly on both sets of boundary conditions we chose. We then employ an optimization algorithm to minimize the difference and finally obtain the matching, by tweaking the boundary conditions on both the black hole horizon and the asymptotic boundary of AdS.
As mentioned before, there are 14 dynamic degrees of freedom. As we will see below, we can tune 16 boundary conditions for the fields 8 , as well as the value of r H and four black hole charges (two electric and two magnetic). We therefore expect to find a 7-parameter family of solutions 9 .
Asymptotic behavior of the fields
The solution near the AdS boundary is characterized by the fall-off of the fields. They are most conveniently expressed in terms of the coordinate z = 1/r = e −u /r H . The most general boundary conditions can be derived by considering the equations of motion order by order in z, starting from the leading terms which are fixed by the requirement of asymptotic AdS. To obtain the most general solution, one should take into account terms of the form z n as well as z n log(z) m (see for example [32] ). The equations of motion will require most (but not all) of the logarithmic terms to vanish. In total, we find 9 coefficients (h (3) , τ (1) , b (1) , τ (2) , b (2) , σ (4) , b (5) , σ (6) , ζ (4) ), which encode the asymptotic behavior as follows.
The components of the metric have the following fall-off:
8 It turns out that for each field except for the scalars with m 2 l 2 = −2, the conditions of a smooth black hole horizon and asymptotically AdS fix as many boundary conditions as there are degrees of freedom. The light scalars have two normalizable modes for r → ∞, both of which are compatible with the asymptotic AdS behavior.
where τ (1) and b (1) are the leading fall-off coefficients of the lightest scalar fields (see below). If they vanish, we recover the familiar AdS-Reissner-Nordström with M = −h (3) /2 as in (37) . As mentioned before, we choose the time coordinate such that β| z=0 = 0.
The behavior of the scalar fields can be expressed as a power series in z ∼ 0 as well (for the sake of clarity, we omit terms that are at least quadratic in the coefficients)
To zeroth order in z, the scalars are in the AdS extremum of the potential (19) . As anticipated in Section 2.2, the excitations around this minimum are characterized by the eigenvalues m 2 l 2 = (18, 10, 4, −2, −2) of the mass matrix. Therefore, there are two independent components of the fields with fall-off z (corresponding to a ∆ = 1 source or operator in the CFT, depending on the quantization scheme), parameterized by τ (1) and b (1) ; there are two modes falling off like z 2 , proportional to τ (2) and b (2) ; and there are single modes proportional to z 4 , z 5 and z 6 , parameterized by σ (4) , b (5) and σ (6) , respectively. Furthermore, interactions give rise to terms quadratic in these coefficients, which are included in the ". . .". Finally, the massive vector field ζ has the following fall-off
The presence of the massive vector on the gravity side signals a broken global flavor symmetry in the dual field theory. The parameter ζ (4) is related to the expectation value of a dual operator with dimension ∆ = 5.
Fields at the horizon
The boundary conditions on the black hole horizon, which in our conventions is located at u = 0, must ensure the existence of a smooth horizon. The timelike component of the metric g tt ∝ H must vanish while none of the scalar fields must diverge. Furthermore, consistency of the equation of motion requires the massive vector field ζ(u) to vanish (leaving only its derivative as a free parameter) and determine the derivatives of the scalar fields in terms of their values at the horizon. All together, the fields near u ≈ 0 are characterized by 7 parameters
Solutions: examples
At this point, there are 21 free parameters:
• 9 boundary conditions on the asymptotic boundary of AdS,
• 7 boundary conditions on the black hole horizon,
• the radius of the event horizon r H ,
• the electromagnetic charges of the black hole (Q 1 , Q 2 , P 1 , P 2 ) which represent conserved quantities of the two massless vector fields.
To obtain a consistent AdS black hole solution, however, one cannot choose all of these parameters arbitrarily. There are 14 constraints from the requirement that the IR solution to the equations of motion (integrated from the black hole horizon outward) evolve smoothly into the UV solution (integrated from the boundary of AdS inward). Indeed, the equations of motion are a system of 14 coupled first order ODEs. Thus, 14 integration constants must be fixed to ensure a smooth solution. We collectively denote them by q integr . The system is then still underdetermined: we have 21 − 14 = 7 tunable parameters which are not fixed by the equations of motion, which by themselves specify each black hole solution taken into consideration. These are the four electromagnetic charges (Q 1 , Q 2 , P 1 , P 2 ), the leading modes of the light scalar fields τ (1) and b (1) , and the radius of the event horizon r H . We denote these parameters by q input .
With this in mind, one can find solutions numerically. We developed a Mathematica code that, given a set of external tunable parameters q input , allows us to find black hole solutions by finding appropriate q integr . The results are fully backreacted configurations representing thermal black hole solutions with nontrivial radial profile for the matter present in the theory.
We find electric, magnetic and dyonic solutions. The behavior of the fields as a function of the radial coordinate u is displayed in Figure 2 for the purely electric configuration, and in Figure 3 for the purely magnetic one. In the latter case the massive vector is zero (see discussion in Section 3.1). 
. The massive vector ζ, as well as ξ1 and ξ2 vanish identically in this case. The integration constants are
004, σ (6) = 0.0229, ζ (4) = 0. We used 30 digits of numerical precision. The IR and UV solutions at u = 1 differ by
The vector condensate surrounding the black hole and is moreover visualized in the 2d radial the plot in Figure 1 . Circles of radius r in the plot truthfully correspond to spheres with surface area 4πr 2 in the AdS black hole geometry. However, radial distances in the plot are related to radial distances in the AdS black hole geometry by dr plot = dr BH / H(r BH ), where H is given in Figure 2 . The massive vector field ζ vanishes at the event horizon, and it is peaked at a finite radial value outside the black hole horizon. The field ζ by itself is a massive object surrounding the black hole: the configuration can therefore be seen as an example of "composite" back-reacted configuration in AdS space-time. The interactions dictated by the nontrivial couplings of the supergravity Lagrangian allow this massive object to gravitate outside the black hole horizon without falling in.
It would be interesting to understand more deeply why the massive vector halo is stable outside the horizon. For example, one might attempt to analyze the stability of a "probe" massive vector particle in this background, in analogy with the probe black hole calculation of [29] . However, the point particle approximation can be expected to break down since the de Broglie wavelength of such a particle is of the order of the AdS length scale. Furthermore, there is kinetic mixing between the vectors in the supergravity Lagrangian, which is expected to affect the effective particle interactions. One would need to overcome these obstacles to obtain the correct form of the effective potential for the probe, and determine its stability. In relation to this, it would be interesting to investigate if configurations other than a black hole can support such massive vector field halo as well.
Before concluding, let us stress one difference between our solutions and those treated for instance in [5, 6, 7, 52] . In our case the configuration has a massive vector in the Kaluza-Klein spectrum. Therefore the related symmetry is broken already in the vacuum of the theory, and it is never restored. However, for the solutions in [5, 6, 7, 52] describing holographic superconductors, the vector field in the vacuum of the theory has zero mass, as one can see from the asymptotic expansion of the fields. The breaking of the U (1) symmetry happens in the latter case only in the proximity of the horizon, while the symmetry is restored at the boundary. One can actually see that the linearized theory considered for instance in [52] retains the A 1 gauge field and the scalar mode ξ that we instead truncated away.
The configurations we find are also different from those in [53] , where black hole solutions hovering outside a black brane horizon were found. In this latter case the tendency of the object to fall towards the horizon is balanced by the electrostatic force towards the boundary due to a charged defect in the 3d dual CFT.
In addition, one of the massless vectors in our theory, the Betti vector, comes from internally wrapped branes, and it is dual to a baryonic symmetry in the dual field theory [31] . None of the U (1) gauge fields in the others models we mentioned are dual to baryonic symmetries. We will revisit these points later when we deal with the phase transitions in the canonical ensemble.
Black hole thermodynamics
We now proceed with the computation of the thermodynamic quantities of the black hole solutions we have found. The first law of black hole thermodynamics is related to the variation of the on-shell action, which by virtue of the equations of motion is a boundary term. In order to compute the Euclidean on-shell action, we first analytically continue the expressions (17) and (23),
The Hawking temperature of the black hole (in units where the Boltzmann constant is 1) is
and it is computed by demanding regularity of the Euclidean geometry obtained from (23) at r = r H . The Bekenstein-Hawking entropy is given by (with G N = 1)
Furthermore, the electromagnetic charges were defined in (26) and the corresponding electrostatic and magnetostatic potentials are (in a gauge for which the vector potentials vanish on the boundary of AdS)
We will show in the next section that the mass of the AdS black hole solutions receives contribution from the scalar fields 
The quantities e a,i , e b,i are the asymptotic falloff of the m 2 l 2 = −2 eigenstates of the mass matrix
The first law of thermodynamics relates these quantities along a family of black hole solutions, in this way:
This relation can be checked analytically for AdS Reissner-Nordström (37). For our numerical solutions, it provides a nontrivial consistency check. Indeed, the thermodynamic quantities can be computed from the behavior of the fields either close to the black hole horizon or near the boundary of AdS. The relation (47) indicates that they are not unrelated: they are correlated by the existence of a solution to the equations of motion that interpolates between these distant regions and is regular everywhere.
Renormalized on-shell action
Our Lagrangian contains a Higgsed vector field and scalar fields which are dual to irrelevant operators. Therefore, we must take care to identify the correct counterterms and obtain a finite result for the on-shell action. Holographic renormalization in presence of massive vector fields was worked out in [54] , where the necessary counterterms to renormalize the Proca-AdS action were obtained via the Hamilton-Jacobi formalism. Moreover, vector fields acquiring mass via spontaneous symmetry breaking were considered in [55, 56] . As explained in the previous sections, the diverging modes for all but the lightest scalar fields must be required to vanish in order not to spoil the AdS asymptotics 10 . In the HamiltonJacobi procedure for holographic renormalization [58] the vanishing of the diverging modes can be formulated as a set of second-class constraints, ensuring consistency (see for instance [59, 60] ). This means that, when deriving the equations of motion using the variational principle, the coefficients of the non-normalizable modes will be fixed to zero.
Provided these constraints are satisfied, the counterterms that renormalize the action are the Gibbons-Hawking term I GH , the canonical counterterms I ct and the counterterm I ct,A due to the presence of the massive vector field as in [54] :
The term I GH is of the form
where g 3,ab is the induced metric on ∂M , Θ is the trace of the extrinsic curvature, and n µ is the unit vector normal to the boundary. The term I ct contains the counterterms necessary to cancel the divergences [61]
where R ab denotes Ricci curvature on the boundary ∂M . The radius of AdS in our units is l = 1/2. The superpotential W appearing in (50) satisfies this relation:
For our purposes, it is sufficient to know the form of W close to the AdS vacuum. More precisely, we can write the scalar potential in terms of the fields φ m 2 which (1) have canonical kinetic terms in a neighborhood of the minimum of the potential, and (2) diagonalize the mass matrix. In terms of these fields, the superpotential is
The modes with m 2 l 2 = 4, 10, 18 fall off faster than 1/ √ g 3 near the boundary of AdS and hence do not contribute to (50) . For the light modes with m 2 l 2 = −2, the coefficients a ± and b ± are the conformal dimensions of the operators dual to these scalar fields [58] . Each of them can be 1 or 2. The divergences in the action cancel if we use a = b = 1 (see for example the discussion in [62] ). Therefore, it is sufficient to take into account
Finally, following the prescription of [55, 56, 54] , the presence of the massive vector field requires the presence of an additional counterterm of the form
However, in our subspace of solutions this counterterm does not give any finite contribution to the renormalized action, as one can see from the asymptotic expansion of ζ in (39).
Electric solution
We now compute the on-shell value of the renormalized action for purely electric black holes, following [63, 64] . The magnetic ones follow along the same lines. For purely electric and purely magnetic configurations, the terms of the form F ∧ F in the action (1) vanish. Substituting the trace of the Einstein equation (90) into the action (1), we have
and making use of the tt component of the Einstein's equations (90) in Appendix, we obtain
Remarkably, the quantity R t t can be written as a total derivative [64]
Now, the term 2ImN ΛΣ F Λ tr F trΣ can be written in the basis spanned by the two massless vectors A i and the massive one B, in the form
Recalling the definitions (26) and (27) and making use of Maxwell's equations (83) for the massless vectors, we have
For the massive vector we again use the Maxwell's equation and we take into account the contribution of the third term in (56) . After integration by parts, and recalling the boundary conditions for the massive vector (which vanishes at the event horizon and asymptotically), the on-shell action (56) assumes the following form
where we have regulated the action using a radial cutoff r C which will be sent to infinity after the integration. The factorβ = 2π/T comes from the integration over the Euclidean time direction. Notice that the expression (60) gives contributions both at the horizon, located at r = r H and at the boundary. Adding the counterterms to this action, we have
Moreover, using R = 2/r 2 and R ab R ab = 2/r 4 , the counterterms action (50) becomes
The complete renormalized on-shell action I ren (48) can thus be calculated using the asymptotic and horizon expansions of the fields (39) and (40) . We obtain
where e a,1 , e b,1 are the leading falloff at the boundary of the light scalar modes (m 2 l 2 = −2) as defined in (46) 11 . The right-hand side of (63) is the expression for the free energy, as anticipated. The term evaluated at r H is nothing but T S, using (42), (43) . Furthermore, the first term in bracket gives the black hole mass (45), hence
This expression for the mass agrees with the one obtained from the renormalized boundary stress-energy tensor τ ab [65] 
11 The values of the mass eigenstate coefficients ea,i, e b,i are related to the expansion parameters we used in (39b) as follows:
where ξ a ∂ a = ∂ t is the Killing vector of the time translation isometry of the boundary metric g 3ab , Σ is a constant time slice on the boundary ∂M with induced metric σ, and u a is the timelike unit normal vector to Σ on ∂M (see for instance [66] ). We have:
which yields exactly (45) . We have seen then that the choice of counterterms (49) (50) reproduces the Gibbs free energy (65) . From [63] one can see that I ren is stationary for fixed temperature and chemical potential, and in particular for fixed e a,1 and e b,1 , as is the case in our solutions 12 .
Finally, let us mention that if we are instead interested in the canonical ensemble, we need to add to the action I ren obtained before the additional finite counterterm
called Hawking-Ross counterterm [67] . The total action I ren + I HR is then stationary for fixed electric charges, hence the first law reads
with Helmholtz free energy
The on shell action for the purely magnetic configuration can be worked out analogously, for instance along the lines of [68, 69] .
We have tested the accuracy of our numerics by verifying that the first law (69) is satisfied for infinitesimal changes of the conserved quantities δM , δS, δQ i . We have moreover computed the renormalized on shell action by numerically integrating (60) and found agreement with the expression we obtained in eq.(65).
Canonical ensemble
In what follows we analyze the thermodynamics of the novel black hole solutions in the canonical ensemble, namely for fixed values of temperature and electromagnetic charges. Moreover, in what follows, we restrict to configurations with boundary conditions e a,1 = e b,1 = 0 for the scalar fields of mass m 2 l 2 = −2. We consider the thermodynamic analysis of the purely electric configuration, since (as opposed to the purely magnetic ones) these have a nontrivial profile for the massive vector field. For simplicity, we will moreover restrict in our discussion to solutions with Q 1 = 0: allowing for a nonzero value of the other charge Q 2 is sufficient for the solution to support a nontrivial massive vector profile 13 12 It is nevertheless possible to impose different boundary conditions (Neumann, mixed) for the scalar fields with m 2 = −2, by choosing appropriate boundary counterterms. For simplicity we restrict here to the case of fixed ea,1 = e b,1 = 0 fixed, but it would be interesting to analyze the other cases as well. 13 Setting P 2 = Q2 = 0 (and keeping ea,1 = e b,1 = 0) only yields the AdS-Reissner-Nordström solution.
We compare configurations with fixed electric charge Q 2 , but with different values of the radius of the event horizon (hence different values for the entropy and mass of the black hole). Whenever there are multiple solutions with the same T and Q 2 , those which minimize the Helmholtz free energy (70) will dominate the thermodynamic ensemble.
We were able to find families of black holes by sampling the space of solutions with different discrete values of the event horizon. The results of this procedure are plots like those in Figure  4 . It turns out that for values |Q 2 | ≥ Q c where Q c ≈ 0.17, the temperature plotted in function of the black hole entropy is a monotonically increasing function, while if we lower the charge to values |Q 2 | < Q c , for a suitable temperature range we are able to find three branches of solutions, characterized by three possible different values of the entropy. We call them small, medium and large black holes, where the size relates to the black hole radius as compared with the AdS radius. In our conventions, this happens for black hole entropies of order 1, see Figure 4 . Figure 4 : Plot of the temperature in function of the black hole entropy for the set of solutions with Q2 = 0.15. At the temperature T ≈ 2.4 the derivative of the free energy exhibits a discontinuity, revealing a first order phase transition. Notice that the horizontal axis in the first plot is logarithmic, hence the Maxwell area law is not explicitly visible.
With reference to the same figure, in the right panel we plot the free energy as a function of the temperature, for the same set of solutions. It is clear that for Q 2 < Q c the free energy exhibits a discontinuity in the first derivative for a value of temperature T ≈ 2.4 (see Figure 4) . This signals the onset of a small-large black hole first order phase transition, in all similarity with the phase transition for Reissner-Nordström in AdS space-time found in the seminal papers of [70, 71] and [66] . The phase transitions become a crossover for charges Q 2 > Q c , while second order for the critical charge Q 2 ≈ 0.17. Notice that, despite appearing almost horizontal in the plot, the free energy for each branch is always monotonically decreasing, as it should be since ∂F/∂T = −S. Lastly, the medium-sized black holes are always thermodynamically disfavored since their free energy is always greater than that of the other two black hole branches. They also have negative specific heat
while the small and large have positive specific heat. It is instructive to plot the behavior of the massive vector field for the three different black hole branches, as done in Figure 5 . We notice that, with reference to the black hole family in figure 4 , the small black holes (blue line in the plot) have a profile for the massive vector with two extrema: one at a positive value close to the black hole horizon and a smaller peak at a negative value somewhat further away. The first peak goes away as the size of the black hole increases. The medium black holes (orange in Figure 5 ) have only a minimum in the ζ-profile, which is however more pronounced and closer to the black hole horizon (in terms of u, i.e. with r H scaled out). For large black holes (in green), the minimum in the massive vector profile becomes ever less pronounced. It settles at u extr ≈ 0.34, which corresponds to r extr ≈ 1.4r H . To sum up, during the phase transition from small to large black holes, the radial coordinate r extr corresponding to the maximum value of the massive vector field increases, moreover the massive vector field considerably decreases in absolute value. The matter outside the horizon gets "swallowed" into the black hole as the small-large phase transition happens. We now analyze the scalar field asymptotic expansion. The mode e b,1 corresponds to the expectation value of an operator of conformal dimension 2, O 2 = −τ (2) /2. This is the order parameter of our phase transition. The value of τ (2) in function of the temperature is visualized in Figure 6 . We see that its absolute value decreases during the phase transition from low to high temperature. Moreover, its behavior resembles that of the isotherms for the Van der Waals system (liquid/gas -like phase transition). This is reminiscent of what happens for black holes solutions of Fayet-Iliopoulos gauged supergravity [72, 73] .
The interpretation of the value of ζ 4 is more subtle: due to interaction terms with the light scalar fields, the term proportional to ζ 4 does not dominate its asymptotic expansion (39c). Its interpretation as the expectation value of the corresponding operator with ∆ = 5 needs verification, by means of the identification of the correct renormalized conjugate momenta of ζ, see for instance [55, 74] . We nevertheless provide the behavior of ζ 4 in the second graph of Figure 6 , where we can see once again that the small-large black hole phase transition manifest itself as a decrease in the absolute value of this parameter.
We conclude by highlighting yet another difference with respect to the holographic super- conductor phase transition. The process we have described here for the new class of solutions involves two phases where the condensate is never vanishing, namely the massive vector field is always switched on. There is no restoring of the broken symmetry for a finite temperature, as opposed to [5, 6, 7, 52] , where the preferred phase for high temperatures is the scalarless Reissner-Nordström solution, with no scalar condensate.
Outlook
In this work we have constructed novel numerical solutions of N = 2 gauged supergravity coupled to vector and hypermultiplets. This four-dimensional theory arise as consistent truncation of M-theory on the manifold M 111 and it is endowed with one Betti vector multiplet. The presence of the latter, corresponding to light degrees of freedom (two scalars of mass m 2 = −2 and one massless vector), allows for the construction of black hole solutions with non vanishing massive vectors. This fact was noticed in the BPS case as well [32] and it would be interesting to understand its deeper origin, in relation to brane world volume gauge theories.
We have moreover analyzed the thermodynamics of the black hole configurations, revealing two branches of stable solutions: the so-called small black holes and the large ones. A smalllarge black hole phase transition was found, during which the massive vector field decreases in absolute value, being "swallowed" inside the black hole.
The black holes constructed here serve as the starting point for future analysis of bound states in AdS space-times, in view of applications to glassy systems [39, 40, 29] . The next step in this direction will be to establish the possible existence of finite temperature bound states composed of the black holes backgrounds which we have discovered, surrounded by smaller probe black holes. One of the differences with respect to the analysis carried out in [39, 40, 29] is that in the present case there are additional interactions between the probes and the massive vector field condensate. We expect this new feature to play a role in the equilibrium condition for the charged probes. Let us mention that a similar stability analysis for a smaller truncation of the M 111 and Q 111 models has been carried out in [34] , where the stability of probe M2-branes in the background of an AdS black brane was studied. Our analysis will be closely related to this latter, albeit the background assumes a more elaborate form.
Moreover, as mentioned in the introduction, the systems of bound states with magnetic charges would come with strings attached, due to Meissner effect. It would be interesting to quantify the effect of such strings stretched from the horizon to the probes, and among the probes themselves. The solutions would manifest themselves in the lower dimensional supergravity system as vortex-like solutions, like those constructed in [75] on AdS black holes. This is another point that should be taken into account.
We will then be able to chart the parameter space of allowed stable and metastable configurations. Subsequently, the relaxation dynamics of such bound systems can be studied, and one can verify if they exhibit logarithmic aging behavior which is typical of many amorphous systems. The overall picture emerging from [39, 40, 29] was that, upon cooling (decreasing the temperature), a liquid single-centered horizon corresponding to the liquid phase of matter, can turn into a fragmented, disordered one corresponding to a glassy phase. To make this analogy more precise, it would be interesting to compute holographic transport coefficients for the composite systems, such as shear viscosity and conductivity. We hope to report back on these points in the near future.
which gives the following components for the metric of the vector multiplet scalars:
The components of the period matrix N are:
Appendix B Equations of motion
Let us now recapitulate how we arrived to the ansatz (23) - (25) . We are looking for static spherically symmetric configurations, which are characterized by the space-time Killing vectors
This justifies the ansatz (23), as it is the most general static and spherically symmetric metric. Moreover, the scalar fields can only depend on the radial coordinate r. As explained in detail in [25] , the requirement of the field strengths to be invariant under the variations generated by (78) leads to the following nonvanishing components for the field strengths 
Moreover, the Bianchi identities ∂ [µ F Λ νρ] = 0 imply that the functions P Λ must be constant. Therefore we end up with the form (25) for the vector fields presented in Section 3.1 .
Given this ansatz, we are now ready to analyze Maxwell's equations, which will further constrain the black hole charges given the presence of a nontrivial source term. Maxwell's equation reads
Given the form of the gauging (16) and the radial dependence of the hyperscalars (with the field a consistently set to zero), the r and θ components of Maxwell's equations are automatically satisfied. The ϕ component is
which, given (22) and (25), is satisfied if P m = 0. In other words, we have found that the ϕ component of the massive vector field must vanish. This leaves just the other two conserved quantities P i , i = 1, 2 denoting the magnetic charges of the unbroken U (1)s. The other nontrivial component of Maxwell's equation is in the t direction. Defining radially dependent functions e Λ (r) such that 
the t component of the Maxwell's equation is
The right-hand side is only nontrivial for a certain combination of the e Λ , namely the one corresponding to B in (22) . For the other two combinations, which correspond to the massless gauge fields, there is no source on the right-hand side. These linear combinations of e Σ are then constant and correspond to the two conserved electric charges.
The scalar equations of motion are as follows (we avoided inserting the explicit form of the field strengths, as their expression quickly becomes very cumbersome .
The Einstein equations are:
which, by calculating its trace and substituting, yields
which is a useful expression to manipulate the on-shell action in section 4.2. The nonvanishing components of the Einstein's tensor read:
E rr = rh − rhβ + h − 1 r 2 h , E θθ = E φφ sin θ 2 = 1 4 r 2rh + h 4 − 3rβ + h −2rβ + r(β ) 2 − 2β .
The tt and rr component of the Einstein's equations are equivalent to the following two equations tt + rr) P Σ e Σ (r) .
(94) We have checked that the system of equations (92)-(93) implies the last two nonvanishing components of the Einstein's equations, as noticed in [63] and [77] . Therefore eqs. (83), (84), (85), (86), (87), (88), (92), (93) are the equations of motion we have to solve to find black hole configurations.
